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AXIAL TATIGUE TEBSTS OF 10 AIRPLANE WING-BEAM SPECIMENS
BY THE RESONANCE METHOD

By W. 0. Brueggeman, P. Krupen, and F. C. Roop
SUMMARY

Axial fatigue tests have besn made by the resonrnance
method on 10 specimens from airplane wing beams. The spec-
imens contained several types of stress raiser, such as
rivets, holes, fittings, splices, reinforcing platss, and
so forth, Some of the beams had been in flight service;
some had not. The method of obtaining resonant axial vibra-~
tion and results for the first two wing beams slready havse
been reported i1n NACA TN No, 860, Axial fatigue tests wsre
made, in addition, on coupon specimens machined from the
flanges. The tests were made in a direct tension-compression
fatigue machine using lubricated solid. guides to prevent
buckling. Some of the specimens were nominally free from
stress concentrations; others had a 0,128 ~inch drilled hole
at midlength where the width was 3/8 inckh. In addition,
coupon specimens consisting of parallel strips of shest metal
joined by 1dle rivets were tested,

The wing-~beam specimens which had not beenrn in service
wvere found to be stronger in fatigue than those whilch had,
All wing-beam specimens showed a2 much higher stress concen-
tration factor in fatigue than did the coupons contalning
holes or idle rivets., It is believed that a wedb splice near
which fallure occurred in most of the wing-beam specimens
accounts for thig discrepancv by causing a damagling riress
concentration,
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NAGA TN No. 959 2
INTRODUGTION

In 1935 the National Bureau of Standards started an in-
vestigation at the request of the NACA to determine the
axial fatlgus strength of alrplane wing beams. The beams
were loaded by the resonance method in a manner similar %o
that developed by the Goodyear Zeppelin Corporation (refer-
ence 1). Results. for the first two wing beams together with
detalls of the test method were reported in reference 2.
Eight more wing-beam specimens have since been tested, there-
by completinz the program.

The purpose of the investigation was to determine the
effect on the fatigue strength of a full-sglze structure of
gseveral important types of stress concentration and to dester-
mine whether 1t was practicable to design such a structure
on the basls of “est results obtalned orn small, relatively
simple coupon specimens containing typical stress ralsers.

It was decided t0o test the wing~beam specimens under
alternating axiasl load rather than under alternating flaxural
loed, Although flexural loadlng corresponds more clossly to
gervice conditions, 1t would be difficult to analyze the re-
sults of flexural tests because of the various fittings,
holes, reinforcing plates, and other changes 1in cross section
which were present. It was believed that axial loading would
have practically the game effoct on the flanges as flexural
loading; 1in addition,axial fatigue tests by the resonance
method presented a means of applying a large number of nsarly
slnusolidal load cycles in & short - -time.

The technigue used in the fatigue tests of the wing-
beam specimens is due principally to William M, Bleakney, who
conducted the project from 1935 to 1939. He adapted the
method developed by the Goodyesar-Zeppelin Corporation for
testing alrship girders to wing-~beam specimens making use of
motor-generator sets, avallable at the National Bursau of
Standards, The technique,together with the resultes for the
first two specimens,is given in reference 2. Dr. Bleaknsy
left the Bursau in 1939 and the proJject was taken over by
Mr., . C, Roop, who conducted it until 1941, He placed in
operation, beginning with specimen 4, an automatic control
circuit designed by Dr, Bleakney for holding the exciting
frequency more nearly at resonance, and tested speclimens 3
to 8. The remaining two specimens were testesd by Philip
Krupen, who also conputed the results for the wing-hean
specimens. Axlal fatigue tests of coupon specimens machined
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from the wing~beam flanges were made by W. C. Brueggeman wilth
the assistance of M. Mayer, Jr., and W. H. Smith.

This investigation, conducted at the National Bureau of
Standards, was sponsored by and corducted with the financlal
assistance of the National Advisory Committee for Leronauntics.

WING-BEAM SPECIMENS

The speclmens were taken from the wing beams of biplanss
which had been particularly susceptible to vibration in
flight. Three complete upper wings wers furnished by the
Bureau of Asronautics. One was from an alrplane which had
not had any flight service; the other two had been subjected
to more than 200 hours of flight. Ten spocimens, shown in
figures 1 and 2, were cut from the beams of these wings. The
nunber of hours of flight service and tho locatlion of the
specimen in the wing are glven in table 1,

The specimens consisted of T—gection 245-~-T sgluminum-
alloy extrusions riveted to each edge oif arn aluminum-alloy
wed as ghown in figure 3, The skin and ribs had bsen cut off
near the Irlanges when the specimens were removed; however,
the rivets which Jjoined these members to the flanges wsre not
disturbed except when unavoidable. Iach specimen had numer-
ous ribs, fittings, and reinforcing plates fastened by rivets,
self-tappling screws, and bolts, Out-outs and large holes in
the web werse generally reinforced; however, the maximum re-
duction in cross section due to unreinforced holesg was &8
much as one-sixbh In spscimsn A. The wed of each specinen
except A was spliced near the emall end. .

All specimens except A were tapered slightly; iIn addl-
tion, those teken from the front beams were relnforced dy a
doubler plate exbtending over about one-fourth the lengith.

The web of the specimens taken from the front beams was
tapered by an amount which caused as muckh as 3 percent vari-
ation in the ocross-sectlonal area of the specimen from onse

end t0 the other. Tre rear beams except LA +were tapersd

both Dy gradual varlation in the depth of the webd and by step-
wise variation in the thickness of onse flange. The flange
thickneess was consftant at 1ts minimum valune for a length of
about a foot at the small end. The taper of the wed in this
length caused a variation of 1 or 2 percent in the cross-
sectional area of the specimen, The minimum cross—sectional
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area ranged from 0,93 to 1.16 square inches, The length was
about 6 feet.

TESTS

The squipment and the general method of testing are ds-
scribed in reference 2, The procedure consisted essentially
of clamping large masses to each end of a especimen and caus-
ing these to vibrate axially with respsct to each other at a
natural frequency determined by thelr masgs and the axial
spring constant of the specimen. IElectric reciprocating mos
tors consisting of e cylindrical field coll and a ring arma-
ture guided by flexure plates were used to excite the vibra-
tlon. The vibrating mass at each end included a fleld magnet
welghing 580 pounds and clamping fixtures weighing 110 pounds,
total 690 pounds.

Figure 4 shows an electric circuit diesgram for the recip-
rocating motors., The field coils F of the reciprocating
motors are connscted in seriss and carry direct current which
1¢ controlled by the varlable resistances R, and Rg. The

armabtures are suppllied by an slternating-current generator
the frequoncy of which ie maintained at resonance by control-
ling the speed of the direct~current motor which drives 1%t as
follewss

The fleld resistance Rg of the direct-current motor 1s
set so that the frequency of the alternating-current generator
is slightly above resconance. An increase above resonance in
the freguency of the alternatlng~current supply to the arma-
ture is accompanied by an increase in the current through the
winding of the relay R becauss the armature current required
by the direct-current motor slso increases with the specd,

The relay R 1is sensitive to thle armature current and
closes when the current increases to a critical value., When
R closes, the grid bias on the 885 mercury vapor %ubs be-
comes less negative,

This vacuum tube also responds to an increase in the
speed in another way. The reciprocating motor armatures to-
gether with Rz, L, and Ry; form a bridge circuit; the alter-
nating-current input to the transformer T increases with
the frequency becanse the inductance in two of the legs of
the bridge causes a phase differsnce which increases with the
frequeney. Thuse an alternating-current slectromotive force
is superlimposed on the direct-current grid bdias,.
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These two effects increase the potential of the grid
when the speed is above resonance and cause current to flow
from the filament through the dirsct-—current motor field,
decreasing the motor speed and the alternating-current
frequency. The relay R then opens and the cyecle repocats.

In operation, R opened and closed about five times per
second. The particular values of the resistances in figure

4 are not gilven becauss they were frequently changed; howover,
the values ranged between 10 and 60 ohms,.

Detalls of the reciprocating-motor terminal attachments
are given 1in reference 2. The attachments for specimens 3 %o
10 were similar to those described for specimen 3B,

The specimen was alined with respect to the reciprocat-
ing motors by means of four Tuckerman optical strain gages
mounted on the flanges, two near sach end, Tho autocollimator
used with these gages was equipped with a dumbbell reticule.
The gages were read while the reciprocating motors were oper-
ated at a low load. The terminal fixtures were unclampsd
and shifted until the strain indicated by each of the four
gages was within B percent of the average. A%t the same time,
the distance between the reciprocating motors was set so that
the maximum tensile and compressive loads on the specimen
wera equal. Adjustments were made to minimlze bending and
twisting as measured by the amplitude of the front-face image
of the reticule reflectesd from the Tuckerman straliln gagse.

With the adjustuents described, 1% is believed thabt the
load was essentially axial and completely reverssd. The
speclmen was subjected to 200,000 to 2,000,000 cycles of load-
ing during the adjustment, but these were not counted hecause
the average stress never excesded 3500 psi.

After the specimen had been alined, it was necessary
only to lncrease the amplitude of vibration %o conduct a test.
The strain gages were left in place and readings were taken
periodically. These weres used later to compute the stress.

The average resonant fresquency for the different speci-
mens was between 54.0 and 79.1 cycles per second, The number
of cycles ¥ was determined for the first three specimens by
periodic readings of the frequency and the elapsed time of a
test. Starting with specimen 4, an elesctric clock was con-
nected in parallel with the reclprocating motor armatures.
The clock was equipped witk such a dial that ¥ could be
read directly.
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A photographic record of strain as a function of tinme
was obtained for e Tuckerman gage mounted on the flangse of
a specimen by means of a recorder built by the WACA, A por-
tion of a record (fig. 5) shows the strain variation with
time to be nearly sinusoldal.

The test of each specimen was continued until one flangs
had fractured. Falilure was accompanled by a sharp cracking
sound., It was observed that the resonant frequency suddenly
would drop about 5 cycles per second, a few minutes bseforoe
failure. Simultaneously, the load dropped too fast to main-
tain resonance. After failure no natural vibratlon could be
induced.

Specimen 4 was run at a stress of 4200 pel for 52,000,000
cycles (designated 4a); the stress was then increased to 5700
pei, and faillure ococurred after 7,500,000 cycles (specimen 4b).

Considerable lateral vibration was encountered when test-
ing specimen 8, After about 500,00C cycles the unsupported
portions of the web began to vibrate loundly; shortly there-
after the whole system began to vibrate perpsndicularly to %he
plane of the web. The double amplitude at the middle of tho
beam was sbout 2 inches., Attempts to snub out this undesired
mode of vibration proved ineffective., It is probadble tuat ¥
for this specimen was lowered by this lateral vibration.

Although the electrical control performed well in maine-
taining constant freguency, soms trouble was caussd by s
.change in the resonant frequency due to heatling of the recip-
rocating wmotors, This caused the load to fall off until ths
change was detected and the frequency readjusted to resonance.
To take into sccount these occasional psriods of nonresonant
operation, the strein was obderved periodically.

The stress which was computed from the strain, and the
corregponding observed number of cycles werc welghted by the
following somowhat arbitrary formula to obtain values for %he
S-N curve. The weighting takes into account occasional
periods when the strain was less than 95 percent of the nomi-
nal value for the test, a condition which prevalled about
10 percent of the time.

-

Nn i
§ = Be,, == + — N, ¢
By 4y Lo 1
¥,
N=Nn+

4
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vhere

S strese for & polnt on the S5-¥ curve

N number of cycles for g point on the 8-N curve

€n normal strain (not less than 95 percent of nominal value)
¥y cycles of normal strain

€, low strain (less than 95 percent of nominal strain)

N, cycles of low straln

B Young's modulus, 10,570 ksl

Half the douvle amplitude of €, and €; was used in the
formula.

Fatigue Tests of Coupons -from Wing Beams

In order to compare the fatligue strength of the structure
with that of ite material, coupon specimens (fig. 6, type I)
were machined from the flanges of some of the wing beams and
tested in s dlreot tenslon~compression axial fatigue testing
machine by means of a technique described 1n reference 3,

The specimens were taken at looations such that the re-
duced sectlon would be remote from stress raisers in ths wing
beamn, Phe stress to0 whlich this matorilial had besen subjocted
during tho teet of the wing beam was thercfore Insufficiontd
to affect the fatlgue strength appreciably. The specimens
were machlned by means of a process described in reference 4,
The thickness of the specimen was the full thickness of the
flange, aboud 0.142 inch., It was necessary tHo machine ofy
the gtem of the T and the acconmpanying fillets flush wilth
the inner surface of the flange; this rosulted in a machinod
surface extending over about half one facs.

In additlion 30 the type-I specimens wkieh were nominally
free from stress ralsers, types II and III (fig. 6) were
tested to determine whether results for coupons conhaining
several typleal stress ralsers could be correlated with these
obtained on the full-size structure. Type II also was ma-
chined from the flanges. It containg a 0.1285-inech hole, the
slze generally used for 1/8-inech rivets, at mid-length; -
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otherwise 1t is the same as type I. Type III consists of
two parallel strips of 0.032-inch 245-T sheet Jolned Dy idle
rivets. Idle rivets were used since, under the test condi-
tiong for the wing-beam specimens, most of the rivets were
of this character. The lateral guildes which wore used to
prevent dbuckling of type~III specimens were similar to those
shown in reference 3, except that the bars contained holes
to provlide clearance for the rivet heads.

The specimens were tested In the direct tension-compres-
gsion fatigue machine shown in figure 7. This machine is an
adaptation of one designed by the Aluminum Company of America.
It is described in reference 4,

The stress in the coupons was computed by dividing the
load by the product of the thickness and the net width at a
rivet hole.

Static Tests of Material

Static tensile and compresgsive properties of specimens
machined from the flanges of some of the wing besamsg ars given
in table 2. Typical stress~straln curves are given in fig-
ure 8, ©5-N data for all specimens are gilvsn in figure 9; the
fatlgue stress concentration factor kp which 1s defined as

the ratio of the fatigue strength of coupon specimens of the
material nominally free from gtress raisers to the fatigue
sbtrength of the wing-beam specimens or 4rilled coupons is
given in figure 10, The idle-rivet coupons showed so much
scatter that kf was not plotted, EHowever, the results lile
between those for the plain coupons and those for thne drilled
coupons. A description of the failure of sach wing-bean
specimen follows.,

Specimen A, figure 1ll: Practure passed through a 13/1l6-
inch unfilled hole on the center line of web, and three filled
rivet holes in the flange. Six other wed cracks were found
in the flange and arse shown in reference 2, filgures 22 and 23.

Specimen B, figure 12: The web and flange cracksd at ad-
Jacent rivets; in addition, the wsbd cracked at the terminal
fixture, 3Both cracks were remobte from the web splice. 4ll
flange ceracks occurred in the same flange and all web cracks
started at rivets passing through this flange.
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Specimen 3, figure 13; Failed at web gplice. OCracks
extended through rivet holes in wed, butt strap, and flangs.
In addition, & crack originated at about 6,700,000 cycles in
the web at the end of a doubler~plate reinforcement and at
the time of the principal failure had penebtrated into the
stem of hoth flanges through rivet holes.

- - e B N M. - Dan o =

Specimen 4, figure 13: Failed at web splice. The frac~
ture extended through the outer row of rivets at the splice
and the stem rlivet of the flange.. A crack was flrst noticed
at the stem rivet at about 6,800,000 cycles (specimen 4b}.

Specimen 5, figure 14: Falled through web splice and
stem rivet of flangs. Orack is belisved %o havse started in
web at about 2,000,000 ecycles,.

Specimen 6, figure 14t Flange falled opposlte web splice.

A crack was first noticed at about 10,000,000 cycles at a
rivet hole 1n the outside of the flange and spread inward to-
ward the stem.

Specimen 7, flgure 15: PFalled opposite webd splice in

the same manner as specimenls except that the fracture passed
through unfilled rivet holes, A crack was first noticed
about 100,000 cycles before fracturs.

Specimen 8, figure 15: Pailed near wed splice in the

gsame manner as 6 and 7. Orack first notlced about 140,000
cveles before fracture.

Specimen 9, figure 168t Yalled at webd splice in the sanme
manner &s specimen b.

Specimen 10, figure 17: Webd failed at splice and flange
cracked through & stem rivet.

All type-1I specimens failed a% the hole, All type-III
specimens falled at the rivet holses.

DISCUSSION

A smooth curve may be drawn through the plotted points
in figure 9 with the exception of vpoint 8; thers is less
scatter than usually i1s expected in fatigue resulits. The
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lateral vibration of specimen 8, as previously mentloned,
may account for the low position of point 8.

The unused wing beams had & higher fatigue strength than
the wsed, This indicates that & certaln amount of fatigue
demage had already occurred in service. Coupons machined
from both kinds of beam did not show thils effect, probabdly
because the coupons d4id not include stress ralsers at which
damage would originate.

The results for both the plain and the drilled coupons
are about the same as those previously obtained on 0,0323~inch
245.T sheet, which are reported in reference 4; ks for

these speclimens isg plotted in figure 10 for comparison,

The results for the idle~rivet coupons show considersble
scatter and are intermediate between those for tho plein and
those for the drilled counons.

Figure 10 showe that the fatigue stress conceantration
factor kgf for the wing beame is much higher than that for

elther the drilled or the riveted coupons; thig indicates the
presence of other, more damaging sbtress concentrations than
that due to small rivet holess. and idle rivets,

It will be noted thazt 8 of the 10 wing~beam specimens
failed near one ehd, and that of the 9 specimens contalning a
web splice 8 falled at the splice and the flange of the ninth
was practically at the polnt of fallure at the time that the
principal fallure occurred elsewherse, Although the mininum
crossg~sectlonal area occurred at one end,the taper 1is Jjudesd
to be so slight, at least over an appreciable length at the
small end, as to be ineignificent. The, splice, however, may
produce an important local strese concentration., The splice
is undoubtedly less rigid than the solid flanges which arce in
parallel with it; hence the load which is carried by the wseb
et a location remote from the splice must be transferred to
the flangoes by the rivets Joining the flanges to the web
near the gplice. Thus these rivets become sctive rivets., It
is difficult to estimate the distribution of loesd among tho
rivets and the stress concentration factor at such rivets.

In general, the few avallable resulits of fetigue tests on
riveted Joints where the rivets are actlive indicate a much
higher value of ke +than for idle rivets or empty holes.
Thus the spllce may cause a notch effect by the transfer of
load from the web to the flanges and by the fact that a high
stress concentration may occur at the rivets which transfer
this load,
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Specimen 4, which was unspliced, failed at a 13/16-inch
unfilled hole in the web; ksf was only slightly higher tkan
the theorctical value of about 3, although still appreciadbly
higher than the factor obtained on type-Il specimens. I% ia
believed that there is a possibility of size effect here.
Such an effect has been observed in another investigation of
the fatigue strength of strips containing holes, but these
tests are as yet too incomplete to 2stimate this effsct for
specimen A,

The curve in figure 9 for the wing-beam specimens was
dreawn through the point &, glthough the fact that the wed was
not spliced placed tkis specimen in a different catesgory from
the others. It may be that point A should lie atove a eurve

representing the fatigue strength of spliced specimens.

When evaluating the injurious a2ffect of stress raisers
it must be remembered that the beawns were designed for trans-
verse loads and tested under axial loads. The notch effect
of the waebd splice is probably more severs undsr axlal load
than under transverse. Stress raisers located on ths neutral
exis, as, for instance, the hole shown in figure 11, would
not be objectionable under transverse loading. Furtkhermors,
the value of the bending moment would vary along the lsngth
of the beam and might be low enough to be sefs at a stress
ralssr which would cause failure under axial fatigue loads,

CONCLUSION

Azial fatigue testing of wing beams by the resonencs
method 1s a tedious, somewhat d4ifficult process requiring con-
giderable time and equipment.

¥ing beams which had been in service had a lower fabtigus
strength than nesw beams, 'The results show a greater fatlgue
sbtress concentration factor for the wing-beam speclimens than
for drillied coupons machined from the flanges or for parallel
etrip coupons contalning idle rivets. Thus the lnvestligation
fails to discloss a method for determining the fatigue
strength of a largs, complicated structure by fatlgue tests
of small,relatively simple specimens,

The relatively high stress concentration factor 1s be-
lieved to be caused principally by the notch effect of web
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splices 1n most of the specimens. Time 414 rot permlt a
study of the stress concentration dus to web splices.

Fational Bureau of Standards,
Washington, D. C., July 10, 1944.
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) TABLE 1

FLIGHT SERVICE AND LOCATION OF WING-BEAM SPECIMEKS

Tlight _ Location
Specimen gservice Front Rear Starboard Port
(hr)

A 238 X widdle

B 238 x middle

3 212 X x

4 0 | x x

5 0 z x

6 212 x X

7 0 X x

@
o
]
"

g 212 X X

10 212 x =
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TA3LE 2

PROPERTIES OF MATERIAL OF WING-BEAM FLAEGES

Tenslile or

Beam comnpressive; Yield Ultimate Young's Elongation
upper or strength modulus in 2 in.
lower (ksi) (xsi) (ksi) (percent)
3 T U 49.0 65.2 10,300 21
CvU 42,7 10,610
T L 49,7 66.2 10,280 20
C L 42.3 10,840
4 TL 47.9 64 .3 10,590 20.5
C L 40.9 10,820
5 T 5L 47,1 63,1 10,350 24
C L 40.8 10,880
3 C L 43,3 10,870
10 T L 53.0 72.1 10,240 18
O L 44 .7 10,770
Av. T 10,350
Av. C . 10,740

Av, T and © . 10,570




Figure 1.~ Specimens A, B, 3, 4, and 5 after fallure. The extent to which the
specimens were imbedded in the terminal fixiure ig shown by the discolored
area at the endas. Arrows indicate the principal failure.
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Figure 2.~ Specimens 6 to 10 after fallure.
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Figure 8.- Typical static tensile and compregsive stress-strain curves obtained on
epecimens machined from the wing-beam flanges.
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Figure 7.- Axial tension-compression fetigue machine.
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NACA TN No. 838 Figs. 8,10
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Figure 10.- Fatigue stress-concentration factors for

wing-beam specimens and coupons.
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Figure 11.- Patigue cracks and fracture of specimen A. The
principal failure which passes through three rivet holes
in the flange and a —+2 -inch grommeted hole in the web is
shown at the top. Theée two holes in the flange were oc-
cupied by rivets fastening a portion of a rib; this was
removed after failure to expose the fracture.



NACA TN No. 959 Fig. 12

Figure 12.- Failure of specimen B. The principal failure \is
shown at the lower left. The crack at the lower right is

located at the web splice. A web crack at the terminal
fixture is shown at the top
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Figure 13.- Fractures of specimens 3 and 4.




Figure 14.- Fractures of Binecimens 5 and 6.
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Figure 15.- Fractures of specimens 7

and 8.
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NACA TN No. 959 Fig. 16

Figure 16.-

- Two views
of the
fracture
of speci-
men 9.
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Figure 17.- Two views

of the fracture of gpecimen 10.
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